Background: Recent studies reported that the CD4/CD8 T-cell ratio is inversely associated with biomarkers traditionally used to measure immune activation and systemic inflammation in highly active antiretroviral therapy-treated HIV-infected (HIV+) patients. The relation of hepatitis C virus (HCV) coinfection with the CD4/ CD8 ratio in HIV+ patients is unknown.
INTRODUCTION
Immune activation and systemic inflammation are hallmark characteristics of untreated HIV infection. Treatment of HIV with highly active antiretroviral therapy (HAART) can suppress HIV replication and reduce immune activation and systemic inflammation. However, these levels do not completely normalize under HAART, and it is hypothesized that residual immune activation and inflammation contribute to incidence of non-AIDS clinical events that occur in treated HIV-infected (HIV+) patients. 1, 2 Understanding factors that contribute to immune activation and systemic inflammation in HIV infection is therefore a priority.
Recent studies suggest that the CD4/CD8 T-cell ratiowhich is easily calculable from routine flow cytometry measurements-may represent a way at no additional cost to assess immune activation and inflammation in treated HIV+ patients. Specifically, the CD4/CD8 ratio is inversely associated with biomarkers of CD4 + and CD8 + T-cell activation and systemic inflammation (ie, Y CD4/CD8 ratio = [ immune activation/systemic inflammation) [3] [4] [5] and predicts non-AIDS events and death in treated HIV+ patients. 6 New biomarkers including the CD4/CD8 T-cell ratio should be carefully scrutinized before adoption for routine use in clinical and research settings. In this article, we scrutinize the CD4/CD8 ratio by testing its association with hepatitis C virus (HCV) coinfection. Our group and others have shown that HCV coinfection is associated with higher levels of peripheral blood biomarkers traditionally used to measure immune activation and systemic inflammation in HIV + patients (eg, %CD8 + CD38 + HLA-DR+ T cells). 3, [7] [8] [9] [10] [11] Therefore, if the CD4/CD8 ratio is a good biomarker for immune activation and inflammation in treated HIV+ patients, then it should be lower in HIV/HCV coinfected patients as compared with HIV+ patients without HCV.
Specifically, we examine the association of HCV coinfection with CD4/CD8 ratios measured over 20 years in HIV+ women enrolled in the Women's Interagency HIV Study (WIHS), including during study visits at which HIV viral loads were at the lower limit of quantification (LLQ). For completeness, we also consider CD4/CD8 ratios in relation to other HCV-related factors that have been assessed in WIHS women: (1) spontaneous HCV clearance, (2) the interferon lambda 4 (IFNL4)-DG genotype, and (3) HCV viral load. These analyses may inform our understanding of CD4/ CD8 ratio dynamics in HIV+ patients.
MATERIALS AND METHODS

Study Population
The WIHS is a multicenter, prospective study of HIV+ and HIV2 women who were recruited using similar methods at 6 US sites during 2 recruitment periods: 1994-1995 and 2001-2002 . Detailed methods and characteristics of the study population have been described previously. 12, 13 At enrollment and then semiannually, interviews were conducted, a physical examination performed, and blood specimens collected. The protocol was approved by the institutional review boards at each study site, and all participants provided written informed consent.
Clinical Laboratory Measurements
HCV serostatus was determined at enrollment (defined as WIHS visits 1-3 for hepatitis testing) using a commercial second-generation or third-generation enzyme immunoassay, and HCV viremia was determined in HCV-seropositive women using either the COBAS Amplicor Monitor 2.0, which has a linear range of 600-5.0 · 10 5 IU/mL, as previously described, 14 or the COBAS Taqman assay, which has a linear range of 10-2.0 · 10 8 IU/mL (both from Roche Diagnostics, Branchburg, NJ). Follow-up HCV RNA testing has also been conducted on most women who were HCV RNA positive at enrollment using the Amplicor or Taqman assay, primarily in 1996-2001 and 2006-2007. Plasma HIV RNA levels were originally measured through visit 6 with a nucleic acid sequence-based amplification method that had 4000 copies per milliliter as its LLQ (Organon Teknika Corp., Durham, NC). Similar methods with greater sensitivity were used thereafter as they became clinically available (ie, the LLQ was 400 copies per milliliter during visits 7 to 9 and 80 copies per milliliter thereafter). In the past several years, there has been an effort to remeasure HIV RNA levels with more sensitive assays at WIHS visits where assay LLQ was 400 or 4000 copies per milliliter and the HIV viral load was at the LLQ. This effort has been largely successful but remeasurement of HIV RNA levels was not possible at visits with insufficient plasma available in the WIHS repository. Total CD4 + and total CD8 + T-cell counts (cells per microliter) were determined in both HIV-infected and HIV-uninfected women by flow cytometry in laboratories participating in the DAIDS Quality Assurance Program at each study visit.
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IFNL4-DG Genotyping
Genotyping for IFNL4-DG (rs368234815) was performed at the Laboratory of Translational Genomics, National Cancer Institute, Bethesda with custom TaqMan allelic discrimination genotyping assays, as previously described. 16 
Statistical Methods
We considered the association of HCV infection with the CD4/CD8 ratio among women who enrolled in WIHS with prevalent HIV infection (n = 2791) with HIV seroconverters (n = 24) being excluded. We also excluded women with unknown HCV antibody status (n = 17), those with positive HCV antibody at enrollment but unknown HCV RNA status (n = 42), and those without any CD4/CD8 data (n = 16). Women in the "HCV clearance" group [ie, HCV antibody positive and HCV RNA negative at enrollment (n = 204) or HCV RNA positive at enrollment but HCV RNA negative on a follow-up HCV RNA test (n = 27)] were considered separately from the "chronic HCV" group (ie, women persistently positive at every available HCV RNA test). Sensitivity analyses were conducted, which excluded the 27 women who were HCV RNA positive at enrollment but HCV RNA negative on follow-up and also those women who reported successful HCV therapy during follow-up. Differences in demographic and HIV characteristics between the 3 study groups at the WIHS enrollment visit were assessed with Fisher exact tests (categorical variables) or Mann-Whitney tests (continuous variables).
Associations of chronic HCV and cleared HCV with CD4/CD8 ratios were examined longitudinally using generalized estimating equation (GEE) models. For these models, we chose a correlation structure based on comparison of goodness-of-fit statistics using the Quasi-likelihood under the independence model criterion (QIC) 17 and based on plots of within-woman CD4/CD8 ratio correlations over time. Among commonly used GEE correlation structures [ie, exchangeable, independent, unstructured, autoregressive (1)], the exchangeable and autoregressive (1) structures had the lowest QIC values (lower is better). However, within-woman correlation plots showed that assumptions of autocorrelation were not met for most women. We therefore used exchangeable correlation structures for our GEE models. Women without HCV antibody served as the referent group because our principal scientific question was how women with HIV/HCV coinfection compare to the much larger group of never HCVinfected HIV+ patients. These models included adjustment for demographic and HIV disease characteristics, and with the exception of race/ethnicity, these characteristics were time varying along with CD4/CD8 ratios in the GEE analysis.
We then considered associations of CD4/CD8 ratios over time with IFNL4-DG genotype (rs368234815) in the subset of women with IFNL4-DG data (n = 2,175, 80% of the total data set). We considered IFNL4-DG under a dominant genetic model (DG/DG + DG/TT vs. TT/TT) because individuals who carry at least 1 copy of the DG allele produce the biologically active IFN-l4 protein, whereas those with the TT/TT homozygous genotype do not. However, IFNL4-DG has an additive association with spontaneous HCV clearance and HCV viral load in some populations, 18 and so for completeness, we also considered associations of IFNL4-DG under an additive genetic model. Confounding is uncommon for genetic epidemiologic analyses after adjusting for race/ethnicity. However, to increase power and to facilitate interpretation, we adjusted analyses of IFNL4-DG by race/ ethnicity and also demographic and HIV disease characteristics.
HCV viral load levels were analyzed in relation to CD4/ CD8 ratios among women with chronic HCV infection (n = 747 women with $1 contemporaneous HCV viral load and CD4/CD8 ratio measurement). The number of available HCV viral load measurements per woman was 1 viral load (n = 179), 2 viral loads (n = 320), 3 viral loads (n = 103), and $4 viral loads (n = 145). The distribution of HCV viral load measures over time was visits 1-3 (1994-1996) 
RESULTS
Characteristics of the Study Population at Enrollment
We considered associations of HCV infection with CD4/CD8 ratio in 3 groups of HIV+ women: HCV antibody negative (n = 1734), cleared HCV (n = 231), and women with chronic HCV (n = 751). These 3 groups differed by a variety of demographic and HIV disease characteristics at their WIHS enrollment visit (Table 1) . For example, women with chronic HCV were older, more likely to be African American, and had higher HIV viral loads than HCV antibody negative women and those with cleared HCV. Women with chronic HCV also had lower CD4/CD8 ratios than HCV antibody negative women.
HCV Infection and CD4/CD8 Ratios Over Time
CD4/CD8 ratios (n = 50,201) measured over 39 WIHS visits (20 years) were considered in this study. As shown in Figure 1 , mean CD4/CD8 ratios increased over time from WIHS visit 1 (1994-1995) to WIHS visit 39 (2013-2014) for †Women with "HCV clearance" were HCV antibody positive and HCV RNA negative at enrollment (n = 204) or HCV RNA positive at enrollment but HCV RNA negative on a follow-up HCV RNA test (n = 27). Women with "chronic HCV" were persistently positive at every available HCV RNA test. The "cleared HCV" and "chronicwomen in each of the 3 study groups. Mean CD4/CD8 ratios were, however, lower for women with chronic HCV than for HCV antibody negative women at all study visits. The trajectory of mean CD4/CD8 ratios for women with cleared HCV did not follow a consistent pattern. We note, though, that women with cleared HCV were the smallest study group (see Table S1 , Supplemental Digital Content, http://links.lww.com/QAI/A781).
In multivariate GEE models (Table 2) , HIV viral load and CD4 cell count measurements had the strongest associations (highest Z scores) with CD4/CD8 ratio. Characteristics associated with improvements in HIV clinical care over time -age and WIHS enrollment period-were also statistically significant and had high Z scores. Cleared HCV (b = 20.04; 95% CI: 20.08 to 20.006; P = 0.02) but not chronic HCV infection (b = 20.01; 95% CI: 20.04 to 0.01; P = 0.36) was significantly associated with lower CD4/CD8 ratios in adjusted GEE analyses.
Since the association of cleared HCV with CD4/CD8 ratio might have changed over time, we repeated the GEE analysis in both early (WIHS visits 1-19) and late time periods (WIHS visits 20-39). Cleared HCV was negatively associated with lower CD4/CD8 ratio in the late time period (b = 20.07; 95% CI: 20.13 to 20.01; P = 0.02) but not in the early time period (P = 0.91). There was no statistically significant association of chronic HCV with CD4/CD8 ratio in either the early (P = 0.08) or late time periods (P = 0.21) in adjusted analyses.
We conducted 3 sensitivity analyses. First, we excluded n = 27 women who were HCV RNA positive at WIHS enrollment but HCV RNA negative at a follow-up visit. Exclusion of these women did not alter the association of cleared HCV with CD4/CD8 ratio in the late time period (b = 20.07 / 20.07; P = 0.02 / 0.04). Second, we excluded n = 20 women from the chronic HCV group who reported successful HCV therapy during follow-up. Exclusion of these women did not alter the null association of chronic HCV with CD4/CD8 ratio (P = 0.36 / 0.30). Third, we removed CD4 cell counts from the multivariate model because to our knowledge, there is no agreement in the field as to whether or not CD4 counts should be included as possible predictors of CD4/CD8 ratios. In this third sensitivity analysis, neither chronic nor cleared HCV was significantly associated with the CD4/CD8 ratio (data not shown).
HCV Infection and CD4/CD8 Ratios at Visits With HIV Viral Loads at the Lower Limit of Quantification
We repeated analyses of chronic HCV and cleared HCV with CD4/CD8 ratios over time using data from WIHS visits including women with HIV viral loads at the LLQ. Data from 19,214 visits were used: HCV antibody negative (n = 13,657 visits), cleared HCV (n = 1649 visits), and chronic HCV (n = 3908 visits). The distribution of LLQs for these visits was 20 copies per milliliter (18%), 48 copies per milliliter (19%), 80 copies per milliliter (63%), 400 copies per milliliter (0.2%), and 4000 copies per milliliter (0.1%).
Associations of demographic and HIV disease characteristics with CD4/CD8 ratios at WIHS visits with HIV viral loads at the LLQ were generally similar to those assessed using all WIHS visits (Table 3) . However, both chronic HCV (b = 20.08; 95% CI: 20.13 to 20.03; P = 0.002) and cleared HCV (b = 20.10; 95% CI: 20.17 to 20.04; P = 0.0009) were significantly associated with lower CD4/CD8 ratios at visits with HIV viral loads at the LLQ. Associations of HAART use with CD4/CD8 ratios also differed in analyses of all WIHS visits (no association-P = 0.30) vs. visits where HIV viral load was at the LLQ (associated with [ CD4/CD8 ratios, P = 0.008).
In time period-stratified analyses at visits with HIV viral loads at the LLQ, chronic HCV was significantly associated with lower CD4/CD8 ratios in both the early (visits 1-19, P = 0.03) and late (visits 20-39, P = 0.001) time periods. In contrast, cleared HCV was associated with lower CD4/CD8 ratios in the late (P = 0.0007) but not the early (P = 0.07) time period.
In sensitivity analyses, neither (1) exclusion of n = 20 women from the chronic HCV group who reported successful HCV therapy during follow-up nor (2) removal of CD4 cell counts from the multivariate model affected the findings (in both sensitivity analyses: chronic HCV, P , 0.01; cleared HCV, P , 0.01). †All variables shown in Table 2 were analyzed together in a single multivariate GEE model. 
IFNL4-DG and CD4/CD8 Ratios Over Time
In adjusted multivariate GEE models (see Table S2 , Supplemental Digital Content, http://links.lww.com/QAI/ A781), there was no statistically significant association of IFNL4-DG genotype with CD4/CD8 ratios in the HCV antibody negative or chronic HCV groups. A borderline association (P = 0.05) was observed under a dominant genetic model in women with cleared HCV.
We also considered the association of IFNL4-DG with CD4/CD8 ratios in time period-stratified analyses. Among women with cleared HCV in the late time period (n = 120 women with 1782 total CD4/CD8 ratios), IFNL4-DG (dominant model) was negatively associated with CD4/CD8 ratio (b = 20.12; 95% CI: 20.24 to 20.008; P = 0.04), whereas IFNL4-DG (additive model) had a borderline association (P = 0.07). No other significant or borderline associations of IFNL4-DG were observed in time period-stratified analyses or in analyses of visits with HIV viral loads at the LLQ (data not shown).
HCV Viral Load and CD4/CD8 Ratios Over Time
Among women with chronic HCV infection, 747 had $1 contemporaneous HCV viral load and CD4/CD8 ratio measurement. In a time-varying multivariate GEE model adjusted for the demographic and HIV characteristics shown in Table 1 , log 10 HCV viral load was significantly associated with lower CD4/CD8 ratio (b = 20.04; 95% CI: 20.06 to 20.02; P = 0.0001). This association remained statistically significant in analyses restricted to both early (P = 0.004) and late time periods (P = 0.03). However, there was no statistically significant association of log 10 HCV viral load with CD4/CD8 ratio when the analysis was restricted to visits with HIV viral loads at the LLQ (data not shown).
HCV Infection and CD4 and CD8 T-Cell Dynamics Over Time
To better understand associations of HCV infection with CD4/CD8 ratios, we considered associations of chronic and cleared HCV with CD4 and CD8 T-cell levels separately. As shown in Figure 2 , CD4 levels were lower in women with chronic HCV infection as compared with women without chronic HCV at most WIHS visits. However, in multivariate analyses adjusted for characteristics shown in Table 2 (aside from CD4 level), there were no differences in CD4 T-cell levels between women with chronic HCV (b = 213.0; 95% CI: 233.7 to 7.6; P = 0.22) or cleared HCV (b = 27.9; 95% CI: 24.9 to 60.8; P = 0.10) and women without HCV antibody. In contrast, when the subset of WIHS visits where HIV viral load was at the LLQ was considered in adjusted multivariate analyses, CD4 levels were lower for women with chronic HCV infection (b = 276.1; 95% CI: 2108.3 to 243.9; P , 0.0001) as compared with women without HCV antibody. CD4 levels did not differ between women with cleared HCV vs. no HCV antibody in adjusted multivariate analyses in WIHS visits where HIV viral load was at the LLQ (data not shown).
CD8 T-cell levels were higher among women with cleared HCV as compared with women with chronic HCV and women without HCV antibody at most WIHS visits (Fig. 3) . In multivariate analyses adjusted for characteristics shown in Table 2 (aside from CD4 level), CD8 levels were higher for women with cleared HCV as compared with women without HCV antibody (b = 105.0; 95% CI: 33.8 to 176.1; P = 0.004), and similar associations were observed in the subset of WIHS visits where HIV viral load was at the LLQ (b = 113.7; 95% CI: 29.3 to 198.0; P = 0.008). Sensitivity analysis that excluded n = 27 women who were HCV RNA positive at WIHS enrollment but HCV RNA negative at a follow-up visit showed similar significant associations of HCV clearance with CD8 levels (data not shown). There were no significant differences in CD8 levels between women with chronic HCV infection and women without HCV antibody overall or in the subset of WIHS visits where HIV viral load was at the LLQ in adjusted multivariate analyses.
DISCUSSION
We scrutinized the CD4/CD8 ratio-a putative biomarker of immune activation and systemic inflammation in treated HIV+ patients-by considering the relationship of n = 50,201 CD4/CD8 ratios measured over 20 years with HCV phenotypes in HIV+ women. Consistent with our expectations and previous data based on biomarkers traditionally used to measure immune activation and systemic inflammation in HIV+ patients, 3, [7] [8] [9] [10] [11] we observed that chronic HCV infection was associated with low CD4/CD8 ratio in HIV+ women. These data are consistent with those of a recent study 22 and provide support for the use of the CD4/CD8 ratio for routine monitoring of immune activation and inflammation in HIV+ and HIV/HCV coinfected patients. However, our observation of low CD4/CD8 ratio in women with cleared HCV infection suggests that T-cell dynamics are incompletely understood in HIV/HCV-infected populations.
The association of chronic HCV infection with lower CD4/CD8 ratio was only observed in women with HIV viral loads at the LLQ. These data suggest that chronic HCV is a lesser influence on CD4/CD8 ratios compared with uncontrolled HIV infection; when HIV replication is suppressed, the impact of HCV on CD4/CD8 ratio becomes manifest. However, a significant association of chronic HCV with CD8 + T-cell activation was observed in WIHS women in the pre-HAART era. 7 Although the association of chronic HCV infection with CD4/CD8 ratio was independent of CD4 count (Table 3) , our analyses of separate CD4 and CD8 T-cell dynamics suggest that this association may in part be linked to lower CD4 levels in women with chronic HCV infection as compared with women without HCV antibody. Whether HCV coinfection accelerates HIV natural history or impairs response to HAART is controversial. However, our observation of lower CD4 levels in suppressed HCV/HIV coinfected patients is consistent with an analysis that combined data from 4 randomized studies in the AIDS Clinical Trial Group (ACTG). 23 Finally, we cannot exclude uncontrolled confounding as an explanation for the observed CD4 differences. WIHS women with and without chronic HCV differ in meaningful ways (Table 1) , and it is possible that biological or social characteristics that impact CD4 recovery are not completely captured by WIHS protocols.
Unexpectedly, we also observed that women with cleared HCV had significantly lower CD4/CD8 ratios compared with HCV antibody negative women, specifically in the late follow-up visits when CD4/CD8 ratios were highest across all groups. This association may be linked to higher CD8 levels in women with cleared HCV infection as compared with women without HCV antibody-the first time to our knowledge, this observation has been reported. A recent study of a majority male French population observed higher CD8 levels in HCV/HIV coinfected patients compared with HIV monoinfected patients but a limitation of that study was that HCV infection was defined based on HCV serology alone. 22 This unexpected finding needs replication but is worth discussing briefly. One hypothesis is that WIHS women with cleared HCV have a genetic predisposition for higher levels of systemic immune activation and inflammation. Studies by our group and others have shown that spontaneous HCV clearance is significantly associated with genetic variants related to the adaptive (HLA) and innate (IFNL4-DG) immune responses. 18, 24 HLA variants are associated with many inflammation disorders and reports associate IFNL4-DG with clinical phenotypes other than HCV.
25,26 IFNL4-DG genotype was inversely associated with CD4/CD8 ratio in this study among women with cleared HCV but why this association was not observed in other study groups is unclear. A second hypothesis is that previous injection drug use (IDU) is linked to higher levels of systemic immune activation and inflammation. However, we were unable to differentiate associations with HCV from IDU because only 3% of HCV antibody negative women reported IDU at baseline (compared with 79% of women with cleared and 84% of women with chronic HCV infection). It is recognized that active IDU is associated with levels of certain immune biomarkers 10, 27 but whether history of IDU has a long-lasting impact on immune activation/inflammation independent of HCV is less clear. Moreover, if past IDU impacted CD8 dynamics, we would expect to see similar patterns in women with chronic and cleared HCV.
HCV viral load had an unequivocal negative association with CD4/CD8 ratio in women with chronic HCV infection. However, most of the WIHS HCV viral load data were from the pre/early-HAART era (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) and subset analyses restricted to visits with HIV viral loads at the LLQ were not statistically significant. This said that high HCV viral load predicts HCV treatment failure after HCV therapy 28 and study of HCV viral load associations is a priority.
A second unexpected but interesting finding was that HAART use was associated with higher CD4/CD8 ratios among women with HIV viral loads at the LLQ. Among women with HIV viral loads at the LLQ, 10.4% were not receiving HAART. These data support the hypothesis that use of HAART confers an added benefit even to HIV-infected patients with very low or undetectable HIV viral loads and are consistent with data from a recent report that showed higher levels of certain immune activation and inflammation markers in elite controllers vs. ART-treated patients with undetectable HIV viral loads. 29 Levels of immune activation and inflammation biomarkers were comparable in elite controllers vs. ART-treated patients in another report. 30 Limitations must be considered in the interpretation of these data. First, lack of HCV RNA testing data at every WIHS visit limits the precision of our results including our ability to measure successful HCV treatment and spontaneous clearance over time. However, exclusion of those women who reported successful HCV antiviral therapy during followup did not affect the findings. Furthermore, because WIHS is an observational cohort that does not link to medical record data, we cannot exclude the possibility that some women in the HCV clearance group had antiviral therapy-associated HCV eradication vs. spontaneous HCV clearance. However, the majority of women included in the HCV clearance group were HCV antibody positive/HCV RNA negative at their WIHS enrollment visit in 1994-1995. HCV antiviral therapies in use at that time were not efficacious and were rarely prescribed to patients with HIV coinfection.
Second, follow-up of HCV antibody testing was not conducted for most women who were HCV antibody negative at enrollment. Most women in the chronic and cleared HCV groups reported IDU at baseline, whereas the majority of HCV antibody negative women did not. Thus, WIHS is not sufficiently powered to assess the separate contribution of IDU vs. HCV infection acquired by a non-IDU route in relation to CD4/CD8 ratios-IDUs are at increased risk for HCV and also other infectious and noninfectious conditions, some of which might impact CD4/CD8 ratios.
In conclusion, the CD4/CD8 ratio was lower in HIV suppressed women with chronic HCV vs. women without HCV antibody, supporting the use of this new biomarker as a surrogate for immune activation and inflammation in treated HIV+ patients. However, cleared HCV infection was also associated with low CD4/CD8 ratio-an unexpected finding likely due to elevated CD8 counts in this population. A timely question is whether we know enough about CD4/CD8 ratios for them to be clinically useful in HIV care. T-cell dynamics are however central to our understanding of HIV, HCV, and other immunemediated diseases, and therefore increased attention is warranted to understand these cell populations in afflicted individuals.
